A new device was developed for tire tread block slip friction tests. Then the friction characteristics were investigated under different loads and contact roads. Based on this, a friction model for contact between tire tread block and different road surfaces was developed. A finite element slip friction model of rubber block was developed for studying the tread contact stress, stiffness under different pattern slope angles, and ditch radius. Results indicate that friction coefficient between tread and ice road increases when the temperature decreases; different tread patterns have a certain influence on the friction coefficient; its average difference was less than 10%. Different roads impact the coefficient of friction more significantly; the greater the pattern slope, the greater the radial stiffness.
Introduction
Rubber friction is a topic of huge practical importance, for example, for tires, rubber seals, wiper blades, conveyor belts, and syringes [1] [2] [3] [4] [5] [6] [7] . In the tire application, tread friction is a very important criterion for tire design, which is composed of many grooves and blocks in complex pattern for the sake of major tire running performances such as traction, braking, riding comfort, and the hydroplaning [1] . Tread rubber friction differs in many ways from the frictional properties of most other solids due to the very low elastic modulus and the high internal friction. The friction force between rubber and road surface has two contributions commonly described as the adhesion and hysteretic components, respectively. The hysteretic component results from the internal friction of the rubber. The adhesion component is important only for clean and relative smooth surfaces [8] . Persson [2, 9, 10] studied both the adhesion and hysteretic components of rubber friction. Sliding friction for rubber on surfaces with different types of surface roughness was investigated. Rubber friction on rough and smooth surfaces was studied by Pinnington [11] . Here, a hysteresis sliding model was presented in which the friction force was determined by the slope of a peak at the contact line and the contact length at each slip speed.
Heinrich and Klüppel [4] studied the role of rubber friction in tire traction with special emphasis on the load and velocity dependence of the friction coefficient.
The use of numerical analysis techniques has become a quite convenient and powerful tool in mechanical engineering for tire design and development, such as the Finite Element Method (FEM). The most crucial aspect of a tire simulation is the realistic description of the processes in the contact interface between the tire's tread and the road surface. Hofstetter et al. [12] developed a simulation model for sliding tread blocks under consideration of thermal effects and abrasion by means of the FEM in a thermomechanically coupled manner. Good agreement of the computed abrasion patterns with abrasion marks observed at the tread of real tires further underlines the suitability of the model predictions. Modeling strategies and algorithms have been presented by Goda [13] for the numerical prediction of hysteretic friction of rubber components subjected to sliding friction.
In the present paper, we focus on the role of rubber friction in tire tread traction with special emphasis on the loads, road surfaces, and tread patterns dependence of the friction coefficient. In the first part, we developed a new device for tread block friction tests and analyzed the influence of loads, road types, and tread patterns on the tread block rubber friction coefficient. In the second part, we developed a friction model for estimating the load dependence of the friction coefficient without considering the speed. In the last part of the paper, a finite element slip friction model for tread block of a single tire pattern intercept was developed for studying the tread contact stress, stiffness under different pattern slope, and ditch radius.
Friction Characteristics of Tread Block
Prediction of wear mechanisms of tires requires detailed knowledge about the contact mechanics of tire treads [4] . These studies can be done by extensively testing tires under different conditions. Therefore, Coulomb's friction law is still often used in finite element simulations [14, 15] . It is clear that rubber friction depends on various parameters such as contact pressure, sliding velocity, temperature, and surface roughness. So Coulomb's law is not sufficient to model rubber friction [16] . To overcome this limitation, a tread friction test device is developed to study the friction characteristics.
Tread Rubber and Road Samples.
The tread rubber samples are provided by Double Coin holdings Ltd, which including styrene butadiene rubber (100 phr), ZnO (3 phr), stearic acid (2 phr), sulphur (1.5 phr), N-Cyclohexyl-2-benzothiazole sulfonamide (1.5 phr), and carbon blacks (50 phr). Figure 1 shows the four tread types of rubbers 0.1 × 0.1 × 0.01 m Figure 2 ), which are the cement concrete pavement (smooth cement and coarse cement), dense-graded asphalt mixtures (AC13 asphalt, AC16 asphalt), stone matrix asphalt (SMA13 asphalt and SMA16 asphalt), and open-graded friction courses (OGFC13 asphalt and OGFC16 asphalt). The properties of asphalt road samples are shown in Table 1 . Besides, the ice road is made in a square wooden box (seen in Figure 3 ) under the temperature −20 ∘ C. The rubber blocks are glued to a steel holder in friction tests. The roads are firstly put into the square wooden box (seen in Figure 3 ) and then water is added on the roads for wet friction test. Figure 4 shows the self-made tread slipping friction test device, which including metal frame, sideways, mass block, tread rubber holder, road fixture, and force sensor. Firstly, the road is clamped on the slider, which is fastened by bolts (seen in Figure 4 (b)). Secondly, the tread rubber sample is fixed under the rubber holder and put on the road. Thirdly, the rubber holder is blocked by a steel lever, so the relative sliding movement can be achieved between the rubber sample and the road. Finally, the different mass blocks are added to the rubber holder for friction tests; the friction force is recorded by force sensor when the hand wheel is turned.
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Testing Preparation and Procedure.
A series of experiments have been made to investigate the key parameters of friction: rubber tread pattern type, temperature, road type, and loads. There are three loads, 10 N, 30 N, and 60 N, in each test. When the rubber and road samples are prepared, the hand wheel is turned at constant velocity and the friction forces are recorded and repeated 10 times. Based on the test results, the friction model can be developed. Table 2 shows the average friction coefficient in tests at room temperature. One of each road type is used for wet friction test. It can be seen that different patterns have a certain influence on the friction coefficient; its average difference is less than 10%. Different roads impact the coefficient of friction more significantly; the friction coefficient of the ice surface is minimum, followed by the cement road; SMA16 asphalt road is the largest, which is related to its structure; and the friction coefficient reduces when it is tested on the wet road.
Results and Discussion.
Persson [17] developed a theory of rubber friction when a rubber block is slid over a hard rough surface, with roughness on many different length scales . Figure 5 shows the elastic contact between a flat rubber surface and a hard solid substrate. In Figure 5 , is the scaling factor, 0 is the upper cut-off length, ℎ 0 is the amplitude, and is the radius [17] . Results indicated that the friction coefficient decreased when the length scales increased. Seen in Table 1 , the void ratio of AC, SMA type roads is smaller than that of OGFC, so the friction coefficient of AC13 asphalt/RSD2 pattern and SMA16 asphalt/RSD2 pattern is the highest due to the smaller and the larger deformation of pattern. Table 3 shows the average friction coefficient between ice road and tread under different temperatures.
Results indicate that the friction coefficient between tread and ice road increases when the temperature decreases due to the increased melt-water lubrication at the ice-rubber interface, similar results have also been given by Skouvaklis et al. [18] .
Figures 6 and 7 show the friction forces under different loads between the road and rubber tread.
It can been seen that the friction force increases when the load increases; the friction force of RSD2 pattern is larger than that of no pattern due to the larger deformation in rubber; under the same conditions of load and thread block, the friction force of AC13 is larger than that of AC16; however, the friction force of SMA13 is smaller than that of SMA16. It may be the reasons of different road types. Many related studies on the contact between road and rubber have been carried out by Persson [2, 3, 6, 9, 10, 17] . More detailed studies should be carried out in our next work.
Friction Model.
Generally, friction of rubber tread is dependent on both normal pressure and slip velocity. A friction model is developed in an effort to produce more realistic results based on the Savkoor's friction law [19] , which considered the road influence. This friction model is applied in the sliding simulation using the user subroutine VFRIC. The friction model is expanded based on the Savkoor's friction model [19] , which is given by
where is the road structure parameter, which is the friction coefficient ratio to the test roads, is the normal pressure, 0 is the reference normal pressure, is the pressure exponential factor, 0 is the starting static friction coefficient, is the maximum value of friction coefficient neglecting normal contact pressure, V is the sliding speed, V is the scalar sliding speed at maximum friction coefficient, and ℎ is the speed parameter. 
Finite Element Model

General Remarks.
The numerical simulations of tread block sliding process are carried out by means of the commercial finite element code ABAQUS. Implicit code is chosen in the context of contact problems.
The hyperelastic material behaviour of rubber is characterized by means of Moonley-Rivlin material model; the strain energy density function is defined by
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The road which constitutes the friction surface is modeled as flat and rigid in the finite element simulations. The tread block with the simplest shape, which constitutes the elementary unit of tire tread pattern intercept. Tread block specimens with three different pattern slope angles and and ditch radius (See in Figure 8 ) are used in simulation, respectively. 
Boundary and Meshing.
The finite element simulation is performed in two steps as illustrated in Figure 9 . In the first step, the top surface of the rubber block is fixed in all directions; the reference node RP of the road is fixed in the X and Y directions and is applied as a uniformly load in the reverse Z direction. Under maintenance of this load, the block is moved in X direction at constant sliding velocity V in the second step. Figure 10 shows the meshing of the tread block with the slope angles of = 6 ∘ and = 8 ∘ and ditch radius of = 0 mm. Typical values of the required input parameters for tread block and load are included in Table 4 . Figure 11 shows the contact press of the tread block in the first step of simulation under the conditions of = 6 ∘ , = 8 ∘ , and = 1000 N. Results indicate that the maximum contact press decreases firstly and then increases with the increasement of the ditch radius . However, there is no significant effect on the overall.
The influence of the tread block geometry on the deformation and the mechanical behaviour is investigated by finite element method. Figure 12 shows the contact press of the tread block in the first step of simulation under the conditions of = 1.5 mm and = 1000 N.
It can be seen that the maximum contact press increases with the increasement of the slope angles. Figures 13, 14, and 15 show the von mises stress distribution of the tread block under the load of 1000 N and three different pattern slope angles, respectively.
It can be seen that the von mises stress on the top surface of the tread block in the second step of the simulation process is larger than that in the first step. Because the tread block is sliding on the road with V = 0.4 m/s in the second step, the deformation increases due to the rubber friction force. Furthermore, the von mises stress decreases when the slope angle increases. The reason may be that the larger slope angle improves the normal stiffness (Z direction) of the tread block, which can be seen in Figure 16 . However, the effect of ditch radius on the normal stiffness of the tread block is not obvious (see in Figure 17 ). Figure 18 shows the curves of the friction force to the sliding distance under different loads . Results indicate that stiffness in X direction slightly increases with the increasing of the load. It can also be seen that the calculated friction coefficient is not changed much under different loads.
Conclusions
Numerical simulations have become an important tool in the design and development of tire. This paper shows the capabilities of numerical methods within the framework of tread block friction characteristics and mechanics. It concentrates on the sliding motion of rubber tread blocks on different road surfaces. Furthermore, a new sliding friction test device is developed for studying the tread block friction characteristics. According to experimental results and the analyses above, we have the following points.
(1) Different patterns have a certain influence on the friction coefficient; its average difference was less than 10%. Different roads impact the coefficient of friction more significantly due to the different length scales.
(2) The friction coefficient reduces when it tests on the wet road; the friction coefficient between tread and ice road increases when the temperature decreases.
(3) The maximum contact press decreases firstly and then increases with the increasement of the ditch radius; the von mises stress of the tread block increases obviously when it is sliding and decreases when the slope angle increases. (4) The normal stiffness of the tread block increases when the slope angle increases; however, the effect of ditch radius on that is not obvious.
(5) Numerical simulations enable the investigation of a wide range of input parameters very easily and quickly, in these respects, are complementary to tests. It makes the numerical simulations a powerful tool in tire design and development.
